The relative role of eukaryotic versus prokaryotic microorganisms in phenanthrene transformation was measured in slurries of coastal sediment by two different approaches: detection of marker metabolites and use of selective inhibitors on phenanthrene biotransformation. Phenanthrene biotransformation was measured by polar metabolite formation and CO2 evolution from [9-14C]phenanthrene. Radiolabeled metabolites were tentatively identified by high-performance liquid chromatography (HPLC) separation combined with UV/ visible spectral analysis of HPLC peaks and comparison to authentic standards. Both yeasts and bacteria transformed phenanthrene in slurries of coastal sediment. Two products of phenanthrene oxidation by fungi, phenanthrene trans-3,4-dihydrodiol and 3-phenanthrol, were produced in yeast-inoculated sterile sediment. However, only products of phenanthrene oxidation typical of bacterial transformation, 1-hydroxy-2-naphthoic acid and phenanthrene cis-3,4-dihydrodiol, were isolated from slurries of coastal sediment with natural microbial populations. Phenanthrene trans-dihydrodiols or other products of fungal oxidation of phenanthrene were not detected in the slurry containing a natural microbial population. A predominant role for bacterial transformation of phenanthrene was also suggested from selective inhibitor experiments. Addition of streptomycin to slurries, at a concentration which suppressed bacterial viable counts and rates of [methyl-3H] thymidine uptake, completely inhibited phenanthrene transformation. Treatment with colchicine, at a concentration which suppressed yeast viable counts, depressed phenanthrene transformation by 40%, and this was likely due to nontarget inhibition of bacterial activity. The relative contribution of eukaryotic microorganisms to phenanthrene transformation in inoculated sterile sediment was estimated to be less than 3% of the total activity. We conclude that the predominant degraders of phenanthrene in muddy coastal sediments are bacteria and not eukaryotic microorganisms.
Phenanthrene, a three-ring polycyclic aromatic hydrocarbon, is transformed by both eukaryotic and prokaryotic microorganisms. The bacterial catabolic pathways of phenanthrene and other polycyclic aromatic hydrocarbons are the subjects of reviews by Cerniglia (7), Gibson and Subramanian (14) , and Smith (30) . In general, bacteria mineralize phenanthrene via cis-dihydrodiol and protocatechol or catechol ultimately to CO2 and H20 (9) . In contrast, eukaryotes transform phenanthrene to trans-dihydrodiols, phenanthrols, diphenic acid, and phenanthrene conjugates (17, 33) . Pathway-specific stereoselective and regiospecific differences have been demonstrated between fungal and mammalian cell metabolism of phenanthrene (10) . Differences in catabolic pathways have also been observed in fungi (6, 10, 17, 33) .
Both bacteria and fungi that are able to transform phenanthrene are readily isolated from marine ecosystems (9) , but the relative importance of their potential activity in the environment is unknown. The accumulation of radiolabeled polar metabolites in sediments from radiolabeled phenanthrene is evidence of phenanthrene transformation activity (18, 21, 28) . However, identification of phenanthrene oxidation products in sediment has not been reported to our knowledge. Identification of specific phenanthrene oxidation products and measurement of the relative contribution by eukaryotic and prokaryotic microorganisms to phenanthrene biotransformation should provide information on the various microorganisms and metabolic pathways acting on phenanthrene in sediments. Therefore, the major objectives of this study were to identify, in sediment, metabolic intermediates of phenanthrene and to estimate the relative contribution of prokaryotic and eukaryotic microorganisms to polycyclic aromatic hydrocarbon (PAH) biotransformation.
MATERIALS AND METHODS
Sediment. Surface sediment samples were taken from Fort Point Channel in Boston Harbor and Station R in Buzzards Bay, Massachusetts, using an Eckman grab (Wildco, Saginaw, Mich.). Fort Point Channel, an urban channel highly contaminated with PAHs, receives combined sewage overflow and industrial runoff (29) . Station R is a relatively clean marine site. Chemical analyses for these sites were reported previously (23 (1, 8) and two yeasts isolated from coastal sediments (23) , UMB-RM-1 (C. rugosa) and UMB-RM-23 (Rhodotorula minuta). Separate slurries were seeded with equivalent amounts of UMB-RM-28 (Torulopsis glabrata). Pure cultures were grown in liquid media with phenanthrene (1.9 mmol) for 72 h at 22°C. The cells were concentrated by centrifugation at 8,000 x g for 5 min, washed three times with 0.1 M NH4H2PO4 solution, and added to the sediment. Sterile controls of uninoculated sediment also were tested.
Inhibitors. The antibiotics streptomycin, which inhibits prokaryotes (35) , and colchicine, which inhibits eukaryotes (25) , were tested. The efficacy of inhibitors in nonsterile sediment was measured by a test for culturability. Yeast viable plate counts were performed on yeast-malt extract agar adjusted to pH 4.0, and bacterial viable counts were done on a dilute organic carbon medium (23) . A test for bacterial heterotrophic activity ([methyl-3H]thymidine uptake) was done as described previously (15). Inhibitor concentrations tested were 0 to 50 mg of antibiotics ml-' in sediment slurry. Exposure duration times were between 4 and 120 h (3).
Biotransformation in sediment slurries. The relative contribution of prokaryotic and eukaryotic microorganisms to [9-14C] phenanthrene transformation was measured with biotransformation assays as modified from a prior report (28) . Under red filtered light (to limit photodegradation), phenanthrene was added to sediment slurries in 25-ml Erlenmeyer flasks (1.0 g of surface sediment in 9.0 ml of filtered seawater) to a final concentration of 5 nmol of phenanthrene per g of sediment. [9-14C] phenanthrene was diluted in solvent with nonradiolabeled phenanthrene to provide 0.05 pzCi per flask. Phenanthrene, >99% radiochemically pure as purchased from Amersham (Arlington Heights, Ill.), was further purified by columh chromatography on Florisil (Fisher Scientific, Fair Lawn, N.J.) or by liquid-liquid extraction with hexane-15% 0.15 M KOH-85% dimethyl sulfoxide at a 4:1 ratio (vol/vol) to remove polar impurities. The radiolabeled solution was added to experimental flasks in either a methanol or a hexane carrier. In hexane, the solvent was evaporated from the flask prior to addition of slurry. Methanol solutions (sl10 pAl) were added directly to the slurries. Slurries were shaken at 200 rpm at 22°C for 120 h. The slurries were acidified to pH 2.5 with 0.3 ml of fresh 10% trichloroacetic acid. Evolved 4Co2 was trapped in 2 N KOH. Following extraction with ethyl acetate, samples were analyzed by thin-layer chromatography (TLC) to separate polar metabolites from phenanthrene. The radioactivity associated with TLC spots was counted by liquid scintillation methods.
Metabolite analysis. Purified phenanthrene was added to each flask to obtain a 17.8-mmol-ml-l final concentration and a 0.1-,uCi-ml-1 slurry of [9-'4C] phenanthrene (specific activity, 1.3 mCi mmol-). This was a saturating concentration since phenanthrene precipitation was observed in the slurries. Slurries were incubated as described above. Sediment slurries were extracted three times with 3.0 ml of ethyl acetate (neutral fraction). After acidification, the slurries were reextracted three times with 3 ml of ethyl acetate (acid fraction). Neutral and acid fractions were combined (33) . Water in the extraction solvent was removed with anhydrous sodium sulfate, and the solvent was condensed to 1.0 ml in a micro-Kuderna-Danish apparatus (Supelco, Bellefonte, Pa.).
Metabolites were separated on a Hewlett-Packard 1040A high-performance liquid chromatograph (HPLC) fitted with a DyChrom (Sunnyvale, Calif.) high-carbon C18 column (25 cm by 4.6-mm diameter; 5-,um particle size, octadecylsilane). A guard column (C18, 5 cm; 30-to 40-,um particle size) was also fitted to the chromatograph. Metabolites were detected by UV/visible (UV/Vis) absorption spectra from a diode array spectrophotometer. The mobile phase was a methanol-phosphate buffer. A gradient was programmed for solvent delivery of 10% methanol, incrementally increasing to 100% methanol in 30 min followed by 100 to 10% methanol in 15 min, with a flow rate of 1.0 ml min-'. The phosphate buffer was formulated to pH 2.7 as modified from Guerin and Jones (16) .
Elution times and UV/Vis absorption spectra were compared with authentic standards (phenanthrene, 1-hydroxy-2-naphthoic acid, 1,2-dihydroxynaphthalene, phenanthrenequinone, 3-phenanthrol, salicyclic acid, and catechol), which were purchased as the highest grade possible from Aldrich, Inc., St. Louis, Mo. Phenanthrene-cis-3,4-dihydrodiol was extracted and purified from a culture of Beijerinckia strain B8/38 (12) .
Phenanthrene trans-9,10-dihydrodiol was synthesized from 9-phenanthrenequinone as described by Platt and Oesch (27) and compared with an authentic standard provided by Edward LaVoie, Rutgers University, New Brunswick, N.J. UV absorption spectra also were compared with spectra of phenanthrene metabolites that are either published (20) .
Cold trapping of phenanthrene metabolites. Radiolabeled products of phenanthrene biotransformation were trapped in a pool of unlabeled product. A dihydrodiol of phenanthrene was added in excess to sediment slurries. To 10 ml of slurry, 5.0 mg of phenanthrene trans-9,10-dihydrodiol, 1.0 mg of phenanthrene, and 0.002 mg (0.135 ,uCi) of [9-14C] 
RESULTS
Inhibitors of microbial activity in natural sediments. Viable plate counts from inhibitor-treated sediment for both bacteria and yeasts were compared with viable plate counts from untreated sediment. After 24-h exposure to 15 mg of streptomycin ml-l, bacterial plate counts for streptomycin-treated nonsterile sediments were below the detection limit or <300 CFU g of wet sediment1-( (Table  1) . After 24 h, viable plate counts for yeasts equaled 25% of those from the untreated sediment, while bacterial viable counts equaled 100% of those from the untreated sediment. The inhibitory effect was not apparent after prolonged exposure (120 h).
[3H]thymidine uptake was almost completely inhibited in the 24-h streptomycin-treated sediment slurry (Table 1) .
[3H]thymidine uptake in the colchicine-treated sediment slurry was inhibited approximately 55% compared with the untreated slurry. Correcting for increased uptake activity with longer incubations, similar results were obtained after 48-and 72-h exposures, except that colchicine inhibited 90% of [3H]thymidine uptake after 48 h and approximately 65% at 72 h.
[3H]thymidine uptake was essentially eliminated in the presence of a combination of streptomycin and colchicine. Phenanthrene biotransformation in nonsterile sediment, as measured by polar metabolite formation and CO2 evolution from radiolabeled phenanthrene, was also inhibited by over 98% in 48-h streptomycin-treated slurries (Table 1 ). This level of activity was not significantly different (P > 0.5) from the sterile control. If corrected for the sterile control, inhibition was complete. At the same concentration and time of exposure, colchicine inhibited phenanthrene biotransformation by about 38%. This activity was significantly different statistically from the sterile control (P < 0.05).
Phenanthrene biotransformation with inoculated sediments. Sterile sediment seeded with bacteria and sterile sediment seeded with both bacteria and yeasts had statistically significant phenanthrene biotransformations (0.66 and 0.70 nmol/h/g of sediment, respectively). Sterile sediment seeded only with yeast cultures transformed phenanthrene at a low rate (0.02 nmol/h/g of sediment), but due to replicate variability, the activity with yeasts alone was not statistically different from the sterile control (P < 0.05). On the basis of seeded sterile sediment and inhibitor experiments, we estimate eukaryotic contribution to be <3% of the total phenanthrene degradation activity.
Metabolites. In a Fort Point Channel sediment slurry containing only natural microflora (uninoculated sediment), two major HPLC peaks of several peaks corresponded to known metabolite standards (Fig. 1) . Of the total radioactivity recovered in the HPLC eluate, 6.0% was phenanthrene ( 
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Potential metabolites (Fig. 2, peaks D and E, 20.1-and 26.0-min elution times) contained 20.0 and 19.0% of total radioactivity, respectively. The HPLC profile also contained F high radioactivity at elution times of 22, 23, and 24 min representing 7.0, 11.0, and 11.0% of eluted radioactivity, respectively (Fig. 2) . The UV/Vis spectrum of the peak that eluted at 20.1 min was identical to the UV/Vis spectrum of 3,4-dihydrodiol standards. Upon analysis by multiple-development TLC, the suspected phenanthrene dihydrodiol chromatographed at the same Rf value as authentic phenanthrene trans-3,4-dihydrodiol. The peak that eluted at 26.0 min was tentatively identified as 3-phenanthrol on the basis of comparison with the elution time and UVNVis spectrum of an authentic standard.
A clear peak and spectrum of phenanthrene were observed in HPLC chromatograms from extracts of the sterile sediment control amended with phenanthrene (30.7-min elution time; chromatogram not shown). All of the radioactivity was recovered in the phenanthrene peak. Thus, peaks corresponding to radioactivity in eluted fractions from unamended slurry or inoculated slurries were most likely produced by microbial activity. Also, the three compounds of major interest (phenan- spectrum similar to those of 3,4-dihydrodiol standards. Since the HPLC fraction had low radioactivity and high background counts, the original slurry extract was further chromatographed by TLC and subjected to multiple-development TLC to separate phenanthrene cis-and trans-dihydrodiols. The suspected phenanthrene dihydrodiol chromatographed at the same Rf value as the authentic cis isomer. Therefore the first peak was tentatively identified as phenanthrene cis-3,4-dihydrodiol. The second peak was tentatively identified as 1-hydroxy-2-naphthoic acid (22.7-min elution time) on the basis of elution time and a UV/Vis spectrum identical to that of an authentic 1-hydroxy-2-naphthoic acid standard.
Potential metabolites of phenanthrene were not detected in uninoculated Station R, Buzzards Bay, sediment slurries when amended with radiolabeled phenanthrene and incubated for 5 days. Cold-trapping experiments did not result in accumulation of radiolabeled diols in the Buzzards Bay sediment. Station R sediment was from a relatively uncontaminated site.
Sterile sediment slurries inoculated with phenanthrenedegrading bacteria and incubated for 120 h produced several peaks of unidentified polar compounds observed by HPLC (data not shown). Of the total radioactivity recovered in the HPLC eluate, 93.5% was recovered as phenanthrene (33.7-min elution time). Unidentified polar metabolites (11.0-, 17.6-, 22.2-, and 29.7-min elution times) contained 2.4, 1.4, 0.6, and 0.8% of eluted radioactivity, respectively. Neither cis-3,4-dihydrodiol nor 1-hydroxy-2-naphthoic acid was detected.
Sterile sediment slurries inoculated with phenanthrenetransforming yeasts and incubated for 120 h also produced peaks corresponding to polar metabolites (Fig. 2) . Of the total radioactivity recovered in the HPLC eluate, 3.0% was recovered as phenanthrene (Fig. 2, peak F, 32 .0-min elution time).
DISCUSSION
The results from two separate approaches, selective antibiotic inhibition and analysis of metabolic products, both indicate that the bulk of phenanthrene transformation in coastal sediment slurries was carried out by bacteria and that only a small proportion of the activity was probably due to eukaryotes. The first approach, antibiotic inhibition, is a useful method for estimating the relative roles of microorganisms in nature, but because of potential artifacts, the results must be interpreted carefully and other approaches should complement the inhibitor experiments (25) . For example, some of the target organisms are often resistant to the antibiotic, while some of the nontarget organisms are sensitive.
The concentrations of streptomycin and colchicine (15 mg ml-1) used here were a compromise between maximal target inhibition and minimal or moderate inhibition of nontarget microorganisms. Streptomycin effectively inhibited bacterial viable plate counts, even after a 120-h exposure, although nontarget yeast viable counts were decreased to 55% of control values.
[3H]thymidine uptake, which should be predominantly bacterial at the low thymidine concentration (3 nM) used (11), was also effectively inhibited by streptomycin. Colchicine was not as selective as streptomycin. Yeast viable counts were inhibited by 75% in the first 24 h of incubation, but they increased at 120 h. Colchicine also inhibited [3H]thymidine uptake (90% inhibition at 48 h). It is likely that this effect was caused by colchicine inhibition of bacterial activity, even though bacterial counts were not affected, rather than the alternative explanation that [3H]thymidine uptake activity was eukaryotic.
Assuming that streptomycin was extremely selective and inhibitory to bacteria, then essentially all of the phenanthrene biotransformation in coastal sediment slurries was a result of prokaryotic activity. The results from colchicine-treated slurries were not as informative. (16) . The extent of potential PAH metabolite accumulation in sediments is unknown, but it is of possible consequence since some oxidation products are toxic and bioavailable to benthic organisms (5, 24) .
Although we found little evidence of significant phenanthrene transformation activity by yeasts in natural sediments, the potential for yeasts to biotransform phenanthrene in sediment was evident from the formation of two oxidation products of phenanthrene (3-phenanthrol and phenanthrene trans-3,4-diol) in a yeast-inoculated sterile sediment slurry. These metabolites are typical products of phenanthrene oxidation by fungi (10, 33) . Other known products of phenanthrene oxidation by fungi, phenanthrene trans-1,2-dihydrodiol, phenanthrene trans-9,10-dihydrodiol, 9-phenanthrol, 4-phenanthrol, phenanthrene 1-P-D-glucose, and 9-phenanthryl ,-Dglucopyranoside (9, 10, 32, 33), were not detected in the yeast-inoculated sterile slurries tested.
Several explanations of the yeast metabolite results are possible. Given that regiospecific and stereospecific differences in PAH metabolism are observed among fungi (10, 32, 33) and that formation of oxidation products is dependent on the extant microbial enzyme systems (10, 19) , it is unlikely that accumulation of similar PAH metabolic intermediates will occur with all fungi or under all conditions. Alternately, either the level of phenanthrene oxidation by fungi in the coastal sediment tested was below detection limits or products of fungal metabolism were further metabolized by bacteria in the sediment.
Although the detection of two products of phenanthrene oxidation by fungi in the yeast-inoculated sediment suggests that yeasts have the potential to oxidize phenanthrene in sediment, the environmental significance of this biotransformation potential is difficult to assess. Factors that can interfere with accurate assessment include choice of degrader organisms and manipulation of sediment. During changing environmental conditions, yeasts may have an important role in phenanthrene biotransformation. When salinity, pH, or nutrients are fluctuating (e.g., terrestrial runoff, sewage discharge, or oil spills), yeasts proliferate (2, 26) . However, slow phenanthrene transformation rates by yeasts in pure culture and a small relative contribution to phenanthrene transformation with natural microbial populations strongly imply a limited role for yeasts in the transformation of phenanthrene in muddy coastal sediments. 
